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June 10, 1955

TO: Distribution of AFSV/P-464

RE: Errata sheet for AFSWP-464

This publication should bear the following date: March 1, 1955.

1. On page 14, after the lact sentence please add:

"The above designations will become clearer as they are

encountered in the text and diagrams. Only the abbreviations
for literature references remain to be mentioned:

AVA I I. Lieferureg cer Eraehrnirse der Aero
Ve r suchanIta! Gbhtty'. n (Munchen und
Berlin 191, '2nd ed 1923)

AVA II the same for (1923)
AVA III the same for 1S27
AVA IV tira- s.ume for 4I.32"

This statement 'riginally arpeared on p-age 18.
2. On page 41, on Fig. 15, please change cal.l out to read

o- with plates (small)
0 a with plates (large)

3. On page 47, under 4, please read =0.458 for = 9.458

4. On page 63, under B, lUne 5, for ip please read 0

'1i25. On page 66, under C, line 3, change expression to read q1 uV v

6. On page 70, paragraph 2, line 1, change erpression to read vi a Vmin

7. On page 72, last paragraph, line 3, change expression to read
0.9

8. On page 76, line 7, please read e/d for e/h

9. On page 89, the Note to figure caption should read "All bars have
L cross section."

10. On page 93, change expression following last 3 equations to read
"for -450

11. On page 101, Fig, 18a, for second note in legend, please read
we = whole mast on smooth ground. u

12. On page 107, paragraph 3, line 8, change *or box attice" to read
"on box lattice."

13. On paqe 113, paragraph 2, line 2, ctiange Sslne law of sine-squared
law" to read " s in e law or sine -squared law."

Since the corrections to this publication are readily apparent, it was not
deemed necessary to recall the document to mako the above changes.

Publications, 2464-1



March , 1955

MODEL RESEARCH ON THE WIND

LOADING OF LATTICE STRUCTURES

By

0. Flachsbart
H. Winter

Translated from the German
by B. L. Tucker, 5112

2C3 1-2



' t-

FOREWORD

This treatise was originally published in the German journal, Der Stahlbau, under the

title "ModeIlversuche iiber die Belastung von Gitterfachwerken durch Windkrafte." Part 1

appears on pages 65 to 69 of the April 27, 1934, issue and on pages 73 to 79 of that for :May

11, 1934. Part 2 was printed on April 26, 1936, pages 65 to 77.

No attempt has been made to edit or interpret the original work; nor has the phrase-

ology been changed more than the minimum for clarity: 'As a result, many sentences are

close to their German originals in structure and length, and all of the author's repetitions

are faithfully retained.

Numbers in parentheses serve as a guide to the German text.
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PART 1

CII I -- INTRODUCTION

The goal of this investigation was to obtain a broad and complete foundation for wind

pressure calculations on structural lattices. Part 1 deals with plane lattices; part 2 deals

with three-dimensional lattices. These researches -have really contributed far-reaching

clarity to the aerodynamic properties of plane and spacial lattice structures. In spite of the

diversity of structural classes included in the field of lattilee structures, it has been possible

to express their aerodynamic characteristics in simple terms: in particular the relations

of plane lattices to a spacial lattice composed of several plane sections.

In these results lies the major contribution laboratory tests can make toward answering

the question of wind loading for lattice structures. The problem is not completely solved.

Wind tunnel research gives only information about loading when the p'roperties of the wind-

stream are known. However, not enough is known about winds outside in storms.

In the interest of completeness, some experiments besides G6ttingen data have been

included. Conventional measuring techniques were used throughout, and-experimental units

were generally retained in the diagrams.

The author has made an effort to keep this account understandable to those without a

strong foundation in aerodynamics. To avoid overloading the text, the explanations of sim-

ple concepts have been kept short. For a thorough treatment the newer texts and handbooks

are recommended.

(p
(3) See W. Kaufmann, Textbook of Applied lHydrodynamics, (Berlin 1934)
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A, NOMENCLATURE

Wind Velocity

[m/s] .. , undisturbed wind velocity, practically identical to the wind

velocity in front of the structure.

Wind Direction

a ... anglc between wind direction and the normal to the lattice

plane. In the text a = 00 is often called normal incidence,

and a § 00 is labeled oblique incidence.

Physical Properties of Air

[g , 2 /m]... Density:, mass. per unit spae. For normal conditions

p 1/8 kg s 2/m 4

r I

m2/s ... so-called "kinematic viscosity". Usually the unit of lengthP

is [cm] and not [im,. so that for convenience v 1/7 cm 2/s

can be used under normal conditions.

Geometrip Properties of Plane Lattice Structures

F [1.n ... outlined area

[n 2 ] . visible surface area (seen from the norgaal to the structural

plane) ; sum of the visible surfaces of all beams and plates

remaining Eurface after the empty spaces have been sub-

tracted from the outlined area.

Note Flachsbart uses [kg] as a unit of force; thus Mass u kg/accel.

12



S= Fr /F ... Solidarity coefficient or fullness grade. A measure of the

area density of beams in a lattice. The greater 0, the denser

the beam coverage. A solid member has a solidarity coeffi-

cient 0 1.

Wind Pressures

p [kg/m2] ... statistical pressure at any place in the wind stream, espe-

cially on the outer surface of the test structure.-

q = -pv kg/m ... dynamic pressure of the undisturbed wind velocity, identical

with the kinetic energy of. each unit space in the unaffected

air stream.

Wind Forces (Fig. 1)

P [kg] ... resultant wind force on the structure

W [kg] ... component of P in the direction of v, so-called "resistance"

A [kg] ... component of P normal to the direction of v, "buoyancy"

N [kg] ... component of P normal to structure plane, "normal force"

T [kg] component of P tangential to structure plane, "tangential

force."

4

---------------- ---------------------

rlpN

)e,1
'I I

Fig. 1 -- Designation of wind forces

13



Relationships between wind forces derivable from Fig. 1: '*

2 2 2(1) P + iW

2 2 2 V(2) P =N + T

(3) N =A' sin a + W cos a

(4) T -A. cosa - W sin a

For a 00, normal wind incidence, W N, A=T

1. Dimensionless Wind Force Measures, "Drag Coefficients."

For the resulting drag (wind force), the drag coefficients depend on whether F or F r

are utilized:

Cp= P/qF while Cpr P/qF

in a curresponding way ior components:

cw  W/qF and cw W/qFr
r

Ca = A/qF and c a a A/qFr
r

cn  N/qF and c = N/qF
r

c = T/qF and c t * T/qF r
r ,

These drag coefficients are related by equations based on Eqs I to 4 where the forces
2c 2+ 2or 2_e 2+ 2,ec

are replaced by drag coefficients: C c + c o r c c + c , etc.
p a w C a WC

For a = 0 ° , wind direction no,-mal to the lattice plane, c w  n c=" c n c a c
r

ca Ct
r r

14
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" CH II -- AERODYNAMICS OF SOLID BEAMS AND SINGLE PLATES

A. MODEL RULES

It is desirable to discuss the comparative aerodynamics of solid beams, single plates,

and lattice structures. All following observations are based, unless otherwise stated, on

the premise of a spatially and timely uniform wind stream.

1. The Plane.Right-Angle Plate as a Model of an Unbraced Solid Beam or an Iron Gusset

Consider a rectangular plate of length ,height h, and of very slight thickness 6.

The wind-facing surface of the plate then has an "aspect ratio, of X = 1/h. The solidarity

coefficient is Fr/F = 1, since the solid wind-facing surface F ris identical with the out-

I0 r

lined area F. In a uniform wind stram normal to the surface (a s o, Fig. 1), this plate

0iwill undergo a symmetrically loaded drag force W (or, for a = 0 an identical normal

force N or P) in the direction of the air stream; the lift A (the tangential force T Fig. 1)

is null:

therefore

C w-" 1n = e p j 0  c a _e t = 0

Now we have three interesting questions:

a) How do the drag and drag coefficient for-normally incident air flow on a
plane rectangular plate depend on , v, the absolute values of h and I u

on surface roughness, on density, viscosity, and turbulence of the air?

Thew Since we can combine several of these quantities In the dimensionless

cfc quantity called the Reynolds Number,

. 15

-r
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(5) R= vhP h

the question can be succinctly restated:

How does the drag coefficient depend on the Reynolds Number, the surface V

roughness, and turbulence?

b) How does the drag coefficient change with X under otherwise equal conditions?

c) How does this relation change with oblique incidence ?

The first of these questions is obviously equivalent in meaning to the question of the

scalability of model measurements. The three questions are answered on the grounds of

the following experiments.

For question a):

In Fig. 2 the measured cw values as a function of R are presented for technically

7,:. o .i eaciag R means that v, h,

and p have been separately increased to change R, or p was decreased. These possibilities

are dynamically equivalent, as is shown in fluid mechanics, and only because they are equi-

valent can a single dimensionless quantity, R, be used to express a large part of an aero-

dynamic state. The flat plates, for which the resistance curve of Fig. 2 applies, are in-

finitely long plates. For such-plates all stream lines are in planes normal to the plate and

the stream lines are congruent, so that the complete flow pattern is contai~ed in one of these

planes. On this ground one can speak of the ) = c case as "plane" or "two-dimensional"

flow. As this case is experimentally feasible, the answering of question b) will be temporarily

neglected.

.One sees in Fig. 2, that the drag coefficient (here cw = j , where W designates

the resistance of the plate-per-unit length) is indeed related to 11, as the general law of

16



The above designations will become clearer as they are encountered in the text anddiagrams. Only the abbreviations for literature references remain to be mentioned:

AVA I I. Lieferung der Ergebnisse der Aero Versuchanstalt

G'ttingen (Muchen und Berlin 192L, 2nd ed 1923)
AVA Ii the same for (1923)

AVA III the same for 1927AVA IV the same for 1932

17
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3
similitude of hydrodynamics asserts, but over a certain R-value--approximately R > 5. 103 -

c w = const and is independent of R. 4P/

2.1 .... ___ _______ _____

2. 1

IZ e ... -.
2,C. ,,

=W 1.96 -:constant

1.6

0 1.10 2.103 3.10 3  4. ,03 5.l0 6.03 .10
1,"=

Fig. 2 -- Drag coefficient c for -normal wind incidence (a = 00) on plane
rectangular plates of infinite aspect ratio for various Reynolds Numbers. Since
these plates are solid ( = 1.0), F E Fr , and cw Wc

r

This result has great practical meaning. It holds logically for every rectangular plate,

only changing wiu i, aep..L ibti; , .%.. Z.

Now it can be further shown that in the area where c is independent of R neither the

roughness of the plate surface nor the degree of turbulence of the wind influence the drag on

3
the plate. For R > 5. 10 one measurement on a plate under normally incident wind suffices

for any size plate in almost any wind speed as long as the plate is geometrically similar and

wind incidence angle is the same. One has only to take a test Model I (area F 1 ) in a wind v,

giving drag W1 to obtain c w

WI
c =

PV1 F 1

(4) In Fig. 2 the scatter of data points is rather large since the measured forces for
small R-values were very small (small plates, small wind velocities). Therefore many
points were taken to establish the course of the Cw-curve. A detailed oublication about these
measurements will appear shortly. In the range of large R-values (104 to 10 5 ) the-cw-value
(c w = 1.96) was measured to 1 per cent. See 0. Flachsbart, Measurements on Plane and
Vaulted Plates, AVA IV, S. 90 I

18
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:"(a) --Y-

U6

6:h = 1.5'eslbegr
' W

(b) v- CW = 2.0366

(C) -- -

6:h - 6:1 (Eisner) cw = 0.9

Fig. 3 -- Cross section of three plates of
different thickfiesd: height

Then a t new drag W, for a new wind v' can be calculated for the same plate

1 1
S= c pv'1F 1 [kg]

or a drag W for a geometrically similar Plate II (area F11) for wind VII

wN  c 1 2 [ kg]11w 2vII

Example: Plane rectangular plate, X - a = 0

In an experiment on Plate I of height h1 = 0. 20 m and v, = 20 m/s, the measured drag was

W1 = 9.8 kg per unit length.

W1  -

.. C ==1.96w 1 2 ' 96
ipv I Il

For drag W on the same plate in a wind of v= 40 m/s. It follows with w = constant u

1.96 that:

1 2 2,

W,=c w  -2pvl 2  v 1 W 39.2kg.

119



In a corresponding way WII (drag-per-unit length on another similar plate) is calculated

with h11 =1. 0 m and vii 40 m/s as: - ° ."

WII Cw 2p hii "1" =1. 96"'1 402 (1, 0)'- "1" =196 kg o

We still have to check on the Reynolds Number to make sure that R > 5. 103

V1h1 2000.20 2.8 x 105RI -2 1/
R 1 1- 400020 5

h 1 40=00 0 =5.6 x 105

VIlh11 4000 100 6
R 11  1/7 2.8 ki1

3
The condition that R> 5" 10 is thereforefulfilled in all three cases, allowing cw = const

to be a valid assumption. (It should be noticed that in calculating R the length is taken in jcmj

if the kinematic viscosity v is expressed in [cm2/s] as above.)

The independence of c of R also holds for plates where the thickness is no longer

w

negligibly small. For a quadratic prism (h = 6) with X = v, a = 0, Wieselsberger found

cw = 2.03, * which is only a slight deviation from the thin plate value. For a prism where

6h and X, = cc(Fig. 3c), a = 00, Eisner- found the markedly small value cw 0. 9. A

real dependence of cw on R could not be established above R =_ 104 for the last-named case,

although it seemed likely in view of observations on long smooth plates edge-on to the air

stream. The lessening of cw for thick plates depends on the fact that the wind stream re-

turns to the side surface after initially leaving it.

(5) One should observe that Wieselsberger found cw = 2. 01 for the infinite plane plate
and a= 0. AVA II, S. 33-35.

20



:1 -

2. Wieselberger 1923

1.8 Flachsbart 1930 -

1.6

0.1 0.2 0.3 0*4 0.5 o.6 0.7 0.8 0.9 1.0

1/ = h/I -'

Fig. 4 -- Normal incidence on rectangular plates a = 0. De-
pendence of drag coefficients cw on aspect ratio X. (Note that the
ieciprical of X is actually plotted above.)

(Tb answer question b)

Figure 4 shows, for the only interesting region R > 5" 10 3 , that the c -value depends
w

on X for rectangular plates normal to the wind flow. This means, since W cwqF, that

drag is not only proportional to the surface area, but is also significantly related to the

outline of the plate. The drag on a very long rectangle is for example twice as much as the

drag on a square plate of the same area.4

I I
Front A k

I I

B I

+1.0 +0, -0.5 -1.0 -1."' -2.0

Overpzessure 4- Underprssure

Fig. 5 -- Pressure distribution along AB

of an infinite plate under normal winds (a = 00).;
(From Fage and Johansen, Proc. Roy. Soc., A
Vol 116, London 1927)
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It is important for the understanding of later developments to have Fig. 5 on hand to

delineate the distribution of wind-forces for the two-dimensional case (X = 0) and for a = 00.

Figure 5 shows pressure distribution in a plane containing the wind direction. In conformity

with the dimensionless formation of drag, the dimensionless quantity p/q replaces the normal V

pressure p. As one can see, the diagram represents overpressure on the windward side and

underpressure on the leeward. In the middle of the forward side, p/q = 1 and thus the over-

pressure equals the dynamic pressure. As the edge of the plate is approached the overpres-

sure declines and even becomes negative. On the back side, there is only underpressure of j
1. 35 q, and therefore 35 per cent greater than the largest overpressure. It is evident that

the underpressure on the leeward side exerts a greater force (and in the same direction)

than the overpressure on the windward side. The average front pressure being 0. 65 q,

W (0.65 + 1.35)q h . "1" = ?•0qh Ckg]

C =W W .
w qF qh'- 1 .O

A

cent of this force comes from the underpressure on the leeward side.

In view of this partition it is easily understood why the cw -value of a plate must become

smaller when X is reduced from infinity to finite numbers. For plates of finite length, the

pressure difference between the front and back induces a flow around the ends. This intro-

duces air into the partial vacuum of the rear side and thus reduces the suction. Also the

pressure on the front falls off toward the ends and further reduces the front-back pressure

difference and c . Thus a cross section like Fig. 5 will show much higher pressure dif-w

ferences in the center than near the ends of the plate.

If one hinders this end flow by end plates sufficiently large and perpendicular to the

incident air, then the flow patterns approach the A a so case, and . variations are largely

masked. One uses this concept to experimentally approximate plates of infinite length for

test measurements.
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Answer to'(c)
-4

For oblique wind incidence the independence of c of R above R = 10 is not seriouslyow

altered nor is the dependence of c on X. Only the numerical value of c is changed. In
w w

general the net drag for oblique winds is not in the -winddirection; a single drag coefficient

no longer contains sufficient information to describe the system. One must use either cw

and ca or c I and ct. How these drag coefficients for rectangular plates and X = 5 depend upon

incidence angle a is shown for winds from above in Fig, 6, and for side winds in Fig. 7.

- --18- - - - - - - -

00

~Fig. 6 -- Plane rectangular plate A = . Oblique incidence
from above or below

0.-

o0,.4- - - -- -- -- -

100 100 200 300 00 500 60 700 800 900

Fig. 6 -- Plane rectangular plate A " 5. Oblique incidence from the ide

40,

IMM
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The curves of c and ca are not as- interesting as those of c' and ct . We establish the im-n
portant fact that the tangential forces are negligibly small, and that the normal force actually

declines with growing wind angles, at first only slightly, but more strongly with large wind d

angles a. The small rise of cn in the region of a = 300 to a = 500 for side winds rapidly falls
nl

away, so that for lattices one may say: The cn value is in general greatest for a = 0. For

solid beams this statement is only approximately true.

For a = 0° , cn is identical with c w. We have the separate designation cw since it is

usually used in the literature. For oblique incidence one must examine-each case to deter-

mine whether cn and ct or ca and Cw should be used. For single beams cn and ct are recom-

mended.

2. ' Model Rules

It is now of decisive importance that--always satisfying the Reynolds number condi-

of, wil,,nbhir, of surfac? roughness and of wind r

turbulence is not limited to flat plates, but also holds for all bodies with sharp corners.

Since the lattice constructions of engineers have, almost without exception, these properties,

we can limit our observations to lattices with sharp angles, Then it follows:

The drag coefficients for lattices are to a good approximation independent of wind veloc-

ity, model size, surface rourhness, density, viscosity, and turbulence of the air; they are

alone dependent on the form of the lattice work and on the wind direction. -

For a lattice of a certain form under a given angle of wind incidence

c constant

t

in particular therefore

c pconst c• conast c a conast etc.
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Through these simple relations, which have been established through a great number of wind

-tunnel tests, the transfer of model measurements is regulated by geometric similarity. They

hold not only for winds uniform in space and time but--as tests have shown-also for spacially

nonuniform air streams provided the comparative case has a similar nonuniformity (then v

has to be specially defined, since a unified wind velocity no longer obtains). Whether they

hold for strongly varying (time-wise) winds is doubtful since extensive tests have not been

made. From this uncertainty come reservations for the transfer of wind tunnel data to lat-

tices in free winds. Some remarks on this will be made in other places (Chapter III, B).

To prevent misunderstandings, it should be expressly pointed out that the law c ; con-

stant does not hold:

a) for small R-values

b) for rounded bodies (streamlined bodies, cylinders, spheres) throughout the

entire range of R-values.

4

In case (a) the drag coefficients are functions of R; in case (b) functions of R, surface

roughness, and wind turbulence.

The requirement of "sufficiently large Reynolds number" which is coupled to the c

constant model rule is always satisfied for lattice works. "Sufficiently large" means

33
R > 5. 103. The Reynolds numbers for plates and bars of real lattice works in winds of

v > 30 m/s are much greatei, than 5" 10 . For the reduced membert of a model one must

check each case to find whether the permissible lower limit of Reynolds numbers has been

passed.

3. Drag of Single Beam Profiles

Here the usual cross section form of practical bearns are designated by the te.-m-beam

profile. To avoid mistakes, the aspect ratio of a beam will be designated by a subscript s

to distinguish it from the ) of the entire lattice.

25
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structure length pect ratio of the latticestructure height

2 &S

Xs  -aspect ratio of a beam

when s = beam length, and 6 = projected surface of the beam seen in the wind direction.

For each profile c = constant. Table I shows the degree of dependence of the drag co-

efficient on cross-sectional profile.

One can derive from the above collection of drag coefficients that the average value is

c - 2. 0 forX = o and normal wind incidence, and the deviation from 2. 0 is small. In fact,

for virtually all profiles (except type 8 #) -

c = 2. ±107
*

is a sufficiently accurate drag value for X = 00.
s

A

Sinre different beam ,rofiles may be used on the same lattice, their net drag coeffi-

cients will probably average out to 2. 0, some drag coefficients being greater and some less
0

than 2.0. However, c w 2. 0 is the value for an infinite plate with a 00. Thus one must

be able to use flat rectangular beams in a lattice to experimentally measure aerodynamic

properties valid for most lattices for a = 0 . Useful and extensive employment of this con-

cept will be made in the subsequent systematic investigations.

The exceptionally small cw.-value (1. 62) for the unsymmetrical L-shaped beam with
the small side normal to the wind is due to the realignment of the stream lines with the trail-
ing surface. As noticed before on the aerodynamics of thick prisms, this behavior produces
a sudden reduction in drag as the trailing surface gets longer. For profile No. 6 the leading
flange also produced a reduction in the dead-air zone behind the beam and thus a reduction
in cw . The small value of cw for 4# is aue to the special air flow which produces a forward
pressure on the rear flange. (Compare the effect of pairs of plates in Chapter Iii.)

2
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TABLE I (Part i)

"Drag Coefficients of Single Beam-- (X, =0)

Profile and
No. 'ind Direction Ow "a

1 2.03 0

2 1.96 02.01

3 2.04 04

4--- 1.81 0

5 - L 2.0 0.3

6 - 1.83 2.07

7 -- L 1.99 -0.09

8 1.62 -0.48

9 2.01 0

10 - T 1.99 -1.19

11 - l 2.19 0

27!
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Naturally the tangential forces allow no such workable generalizations. Table 1 shows

that c is usually virtually zero, but occasionally it takes on quite high values. In general
0we must expect small values for c afor at =; (it is possible in a lattice for sizable c avalues

of individual beams to cancel out). Tests on models patterned from real structures confirm
,

this view. Only such models can in general give error-free information for oblique wind

incidence (see Chapter V).

See Chapter IV

2

V!

a
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CII III -- TESTS ON SCHEMATIC PLANE LATTICES
FOR NORMAL WINDS (a 00)

A. PARALLEL BEAMS OF INFINITE ASPECT RATIO (X= o).

To clarify the influence of structure type on drag of a lattice, schematic beams were

investigated which had identical outline forms but various patterns of bracing members (see

Figs. 8a to g). Figures 8a to 8b contain the test results along with a sketch of the lattice

investigated. These lattices c.,nsisted of two parallel beams with the following bracing bars

between: vertical bars only ("ladder type"), diagonal bars ("V" construction), vertical and

diagonal bars ("N-type"). The bars were made out of flat 2mm sheets. Reinforcing plates

at junctions were not used. The choice of this group of models was based on consideration

• of the frequency of occurrence of similar types in actual practice.

In order to obtain different values of solidarity (0) for the above lattice types, both the

widths of the members and their separation were varied. Which way was employed in par -

ticular tests is shown on the diagrams, as is the nomenclature for the symbols. To eliminate

the influence of aspect ratio, all models had the same X, in fact, X = @.

This aspect ratio was chosen because the experience with the solid beams indicated

that X = c yields the greatest drag coefficients. -

The span or length of the models was generally 300mm. Only in the model group of

Fig. 8b was a length of 450mm used to investigate a very small solidarity coefficient (0).

To obtain the effect of infinite length end plates were used. These strong plates had their

leading edges rounded into semicircles. The models were hung with lmm play close behind

the leading edges of the end plates. This orientation has been tested vith flat plates as models

and affords a good approximation to X = .
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The measurements were taken in the 1. 20 meter wind tunnel of the Aerodynamischen

Versuchanstalt G6ttingen (the so-called smalIer tunnel). Each model was tested under four

s or five wind speeds between 10 and 30 m/s. Accidental errors of measurement were thut;

easily recognized. Furthermore the behavior of the drag coefficient with different velocitip,,

was obtained without further work, and it was evident whether the Reynolds number was large

enough to have cw = constant and c = constant. The drag coefficients for V = 10 to 15 m/s
r

must often be rejected since they still show the influence of the Reynolds number.

In Figs. 8a to 8g the measured c values are presented as 'c. The two are quitew w-.
r

different: in one case the drag force is divided by the outlined area, and in the other case

the drag force W is divided by the solid projected al'ea F r . Included here, as in all follow-

ing illustrations, are the measured points instead of average values. The scatter of meas-

ured points was in no case greater than ±2 per cent. In general, it should be pointed out that

c and c are relatedw wrr

C w =C .
r

We can see from Figs. 8a to 8g that a survey-type graph can be constructed from these

seven graphs if we plot all the cw and c values'against 0. Figure 9 represents the sur-w
r

prising results, which can be stated as:

The drag of a plane lattice normal to the wind of infinite aspect ratio is practically un-

related to structure pattern for a given solidarity coeff.

(10) The reason is easy to see. The smallest bars are usually 5 mm, in some cases
3 mm, broad. Their Reynolds numbers for V = 10 [m/s] are

S1000 (0. 3 3

R= /' = 2. 1 x 103 for3 mm bars1/7

These R-values are not in the region for c w = const. For V = 20 [m/s] the R-values are
large enough for 5 mm bars and almost large enough for 3 mm bars.
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Or:

The drag coefficient (c , c ) for 6 = 00 and plane lattices (X =o) is a function

of 0 alone, to a close approximation.

2 "6 ,if,'1 1111.1

- ' ... . f V "

CL11 _1

1,2
CW C +.

a 0

0.1 0,2 0,3 O.F 0,5 0.6 0,7 0,8 0*9 1.0

Fig. 9 -- Dependence of drag coefficients on solidarity .

Aspect ratio of the beams X =

The small influence of structure form on drag is more evident in cw than in c w and
rso we will limit further observations to c

Wr

The meaning contained in Fig. 9 is that only one variable, , defines the drag coef-

ficient for a lattice of given X. This simplifies our problem significantly.-

In general, it must be remembered that our results hold only under special conditions:

parallel beams, infinite or very large aspect ratio, structures without joint plates, schematic

(11) This success shows that it was expedient from the first to investigate whole lattices.
Naturally it must also be possible to construct the aerodynamica drag of the lattice from the
properties of the individual bars in all configurations. In thi! case one must. in general know
both the drag of single bars as a function of and the effective aspect ratio of a bar in com-
bination with the rest of the lattice. This procedure would require extraordinarily numerous "
measurements and would not lighten the drag- calculations for the engineer,.
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modes, normal wind incidence. The condition that flat bars instead of bars with various

cross sections were used further limits the results to normal wind incidence. Furthermore,

it is not to be thought that lattices of finite length with parallel beams can be included in the

rule that 0 is the sole factor in drag coefficient determination. The effects of finite X and

a J 00 must be experimentally proved. This is also true for the effects of outline form and

joint plates.

Before we turn to test results it would be advisable to study some reports designed to

establish the validity of model rules.

B. CONTROL TESTS ON THE INFLUENCE OF TEST ORIENTATIONS, MODEL SIZE, WIND

VELOCITY, AND WIND TURBULENCE

Investigated in the common wind ranges were:

• 1. One and the same model with different hanging in the same wind

tunnel,

2. One and the same model in three different wind tunnels,

3. A 2-1/2X model in a wind tunnel for a normal air stream,

4. A 5X model in a wind tunnel with different turbulences of the air

stream.

A ladder-type structure was used.

The measurements for 1, 2, and 3, showed that no real dependence of drag coefficients

on test arrangements or model size exists. (It was mentioned above that the independence of

wind speed and R for every model was verified through testing at various speeds.)

These test results must be expected from model rules. They are further confirmed

through the researches of Dr. Winter with the schematic models show-n in Fig. 10. The
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measurements from these models were markedly greater than those in Fig. 8a to 8g; the

spans in Fig. 10 were 800mm. The models were also tested between end plates. These re-

sults are compatible 2 / with Fig. 9 and with the forthcoming data of Fig. 21.

j11
The question whether air stream turbulence affects test results is answered "no" within ,

certain limits by the results of 2, for the turbulence varied with the wind tunnel, but three

tunnels gave identical results.

The turbulence of the Gttingen wind tunnel is slight. t

We have therefore introduced greater turbulence by building strong wire lattices in the

air stream. Under such conditions the air speed measurements generally run into difficulties.

After some not completely satisfying experiments like this, we switched to making compara-

tive measurements independent of wind measurements. In this case the pressure distribution

on and behind a 5X model was compared for different turbulences. The pressures were ex-

pressed dimensionlessly. The final results: The arag coeiluietits of lattices proves to be

unrelated to the degree of turbulence of the wind tunnel.

This establishes the validity of model rules (in general, only for models in the constant

air streams of wina tunnels). The turbulence of free wind is apparently greater, fro.mthe

standpoint of mechanical similarity, than even the induced turbulence of wind tunnels. Fur-

thermore, the wind blows in turbulent gusts, not uniform, but accelerated and twisted. It

is scarcely to be assumed that this changes the drab coefficient or its independence of

Reynolds number. An experimental probe of this remains to be done.

(12) Certain small deviations observed in the control measurements find their expla-
nation in that the end plates were not in direct contact with the lattices. Variations in this
space between wall and model change the effective aerodynamic aspect ratio correspondingly.

'(13) The single means of quantitatively giving wind tunnel turbulence is the so-called
"critical Reynolds numbL.l"'.of spheres, cylinders, or other bodies with curved outer surfaces.
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C. PARALLEL BEAMS WITH FINITE ASPECT RATIO

1. Influence of the Outline

It will be shown (Fig. 4) that the drag coefficient for a 0 is smaller for smaller

values of X. We have already considered the fall-off of drag coefficient as due to air stream-

ing around the ends. This result can not be basically changed-if the full plates are replaced

by lattices. Therefore we must expect parallel-beam lattices to display the same ,kind of

behavior as the X is decreased. Naturally the influence of X is greater for greater values of .

04.0.. .2_I

0 0.3

I.7

0 *5, 0,1 0 2 0.00 /. .

=

Fig. 11 -- Dependence of drag coefficients on the aspect ratio X.
a = 00 and schematic plane lattices

The earlier assumption is confirmed by Fig. 11. The representation in this diagram

involves the reciprocal of X and drag coefficients normalized to the X = 00 values. The curves

for the printed 0 values of Fig. 11 were interpolated from measured values.

Practically, one deals with 0 < 0.5 most of the time and thedeviation is not more than

12 per cent for very short lattices, and for normally slender lattices h/1 < 0. 1 and the

deviation is < 5 per cent. This is so small that the influence of aspect ratio for the average
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small is negligible. The remaining error works in the direction of increased safety since

C <C .

Cwr  w

2,C

=00

l(See Fig, 9)1 , Fill1 111 IIIii iiil!i!liillllllllllllli;1ii 1, ,

.4

o. 0 + x

oV. O ' 0,4 0' O.6 0.7 0,8 0.9 1.0

F

Fig. 12 -- Comparison of drag coefficients for plates of), o with those of
X, = 1. The outline area in each case is that of the original squares for the four
X 1 test plates.

The situation for the extreme case X = 1 (Je, square plate) is shown in Fig. 12. The

values were reduced b. removing shaded areas of the sketches. The first two (reading from

left to right of the sketches) types of reduced squares give c - values approaching the longer

lattices as 0 is reduced. For < <0. 3 the difference between X = I and X = co is vanishingly

small.

One can now make a suppostion about drag coefficients for nonrectangular lattice out-

lines. It is knnwn that the greatest drag per unit length is produced by infinite plates. This
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was immediately apparent in Fig. 4. Two further pi oofs have been introduced:
-V

a. In Fig. 12 the cutting of the crossed area of the right-hand square converts

the original quadratic outline to a distorted outline. The measured values

for the resulting angle and cruciform configurations are given in Fig. 12.

They are definitely smaller than those of either rectangular lattices or

squares which maintained their original outline.

b. The solid beam (of Fig. 20 has a finite span and an outline deviating from

the rectangular. The measure.d c = 1. 27, therefore again smaller thanw
* r

the X = c value of 2. 0.

Now one might expect that the parallel beam drag coefficients would represent the

maximum for all 0 and X values. A confirmation of this assumption will be offered later in

the bridge model measurements of Fig. 20, especially types 0 to Z whose drag coeffi-
V

,,.,., ,,, .... .. .o. .. "'. . ":" .,, .. . ...€ *, c!7"_  re-,vl f as follows:-

The drag coefficients of plane lattices infinite length (Fig. 9)-are the largest drag co- *

efficients obtainable with plane lattices under normally incident winds. Since the outline of

the lattice work, so far as practically usable forms are concerned, plays no real role, the

drag coefficients of Fig. 9 car. be applied beforehand to the problem of the influence of joint

plates and bar cross sections.

*Q

(14) One defined the aspect ratio for these beams as I/h with h = F/lt , thus here
X = 9. 5, or lA = 0. 105, It is interesting that a rectangular plate of this aspect ratio has
approximately the same drag coefficient of beam (1) of Fig. 20. Therefore here a reduction
to rectangular surfaces is possible through the use of the generalized definition of aspect
ratio. (This is always possible if the plate outline does not deviate very strongly from
rectangularity.)
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2,0

1.6

0

+ = Without junction plates (CWr)
/4 o = With junction plates 80n
0.8 0= With junction plates 160mm) (ro 0

0 .1 , II

Fig. 13 -- Wind loading.of a 3-pronged junction

D. THE INFLUENCE OF JUNCTIONS AND JUNCTION PLATES

So far, only networks without junction-plates have been investigated. Before investi-

gating a whole structure with junction plates, it is expedient to test the drag of a single junc-

tion and its variation with the addition of a plate.

L

For this basic experiment two schematic 3- and 4-prong junction models were used.

The bars were 250mm long, 25mm wide, 3mm thick. The orientation of the bars was varied

with and without junction plates. The plates were circular discs of 80 and 160mm diameter.

The results of ihe measurements are presented in Figs. 13 and 14. One can abstract the fol-

lowing:

a

I. The drag of a junction with or without plates iis virtually independent of the

angles between the bars (see Fig. 13). With the joint plates the above holds

as long as the ratio between plate area and bar area is not unusual. The

(15) Excluded Ss the condition where the-bars cover each other. In such a case there.
is no real function but some sort of single lattice with a degenerate function.
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% 1

160mm plate exceeds this limit and in consequence shows a marked depend-

ence of c on bar orientation. The extreme value of c deviates from the
r r

mid-value by only'±4 per cent. One notices that c is smaller the more
r

uniform the bar orientation around 3600.

2. The drag coefficient of a junction grows with the number of bars. For 3-bar

joint c = 1. 38; for 4-bar c = 1.41. The difference is obviously not large.
w

r r

3. The c - value is smaller for smaller junction plates under otherwise equal

r
conditions. The reason is that discs have a much smaller drag coefficient

than bars. Without plates c - 1.38 to 1.41. For a circular disc or plate
r

c = 1. 10 (square plates have c = 1. 16). With the introduction of a jointW w
r r

plate the area of the lattice grows faster than the total drag.

The results here are no longer surprising. They concern two schematic, N

and V, lattices with small and with large joint plates and). = c. The plates
'U

have the usual commercial straight-line form. As one can see, the cw
r

value declines with the introduction of the plates.

E. CALCULATED CHANGE IN WIND-LOADING DUE TO JUNCTION PLATES

We can take, as a first approximation, the combined drag as the sum of the drags at

the isolated plates plus the drag of the remaining unshielded bars. Thedrag coefficient of

the remaining bars is assumed to be the drag coefficient of a similar but "unplated" lattice,

or the c of a lattice with vanishingly small junction plates.
r
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2.C

+

L. += Without junction plates (or

0. = With Jbnction plates 80 (b)
O= With Junction plates 160=[

0,1

CC

Fig - /d I
300 600

Fig. 14 -- Wind loading of a 4-bar junction

1.6 ..

0 c vr (c wro)

pL2 r

1.2
+ Without plates
o= With plates (large)

10.8 0= With plates (s=an.)

0.~4

0.

With small junction plates With vei1l Junction plates
4, = 0,2379 0 = 0.2153

With lArge junction plates With lnrgc junction plates
- .268 = 0.2665

Fig. 15 -- The influence of junction plates on the wind-loading of
plane schematic lattices. "A z *
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The shaded surfaces .
are designated: r

0, (Juntion
Splate)

/Fr

j(Residu latticee)

Fig. 16 -- Nomenclature for calculating the effect of
junction plates

The following nomenclature will be used:

'Surfaces:

F Visible surface of the lattice without the plates; that is, the surface arear

--( ir. thP wind direction

F = Visible surface area of the system, the lattice p'.as the (finite) junctionro

plates.

F = Sum of the visible (projected) areas of all the plates

AF = F - F = area of lattice still visible between the plates.r o
0

Wind Forces:

W = drag of the lattice with area Fr r

Wr = drag of the lattice with area Fr 0

Drag Coefficients:

c U W r/qF r drag coefficient of the projected area F, (given)

r

c w  W r/qFr  drag coefficient of the area Fr (to be found)
ro o
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Ac v c = drag;coefficient of the area F (given)w wr

c = drag coefficient of the plates, alone (given)

Three-element Junctions (Fig. 13)

(a) Small (80mm) junction plates

2 2
F = 207.3 cm F = 50.3 cm c = 1.38 (average)

r o w
0 2

AF = 157cm C = 1.10
W0

W 
r0

-- =e F c AF+c Fq w r r0  w w

Wro0 AF w0 F

C -= cw +-° . = c r0. 7P,+ 0. 797- 0. 243]rwr r r w Fr° r

= 1.38 x 0.954

C = 1.32 (in-agreement with the measured value).
wr

0

(b) Large junction plates (160mm)

S2 2
F r :328.4cm F = 201cm cw = 1, 38 (average)

AF = 127.4 cm eo= 1. 10

0

cw = 1. 21 (in agreement with the measurement)
0

Four-element Junctions (Fig. 14) -

In a corresponding way one finds:

(a) cw  a 1. 35 for the juncture point with 80mm plate
r

(b) cW a 1. 24 for the juncture point with 160mm plate
r

Both numbers are in agreement with measurement.
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Parallel Beams with N- and V-lattices (Fig. 15)

N-structure with large joint plates

2 2
F =64.5 cm F = 30.4 cm c =1. 62 c =1.16r 0 W W

o r o

AF = 34.1 cm 2

w W1.62
--r AF + -0 • F °  = " 6 (34. 1+ 0. 726 x30. 4)

r Tr F+ 0 64.5ro ro r

= 0. 0252 x 56. 15

c =1.41
wr

0

V - work with large joint plates

2 2
F =64 cm F = 32 cm c =1.65 c =1.16

r 0 W wo r o

2
AF = 32 cm

W r  W O 1 .6

cw = AF + c o  
----- (32 + 0.703 x 32)

0  0  r

= 0. 0258 x 54. 5

c =1.40
w

r
0

For small plates cw is calculated in the same way and good agreement with measured
r 0

values is obtained.

Thus, to a first approximation, the superposition law is valid. For plane lattices of

known drag coefficients without junction plates, the change in resistance from the addition

of platek is subject to close calculation along the lines of the previous examples.

Most of the junction plates of steel structures are so small in general'that they .

scarcely alter the drag coefficients. Such plates simply add to the total area F and thereby4 r



* change and W. The accompanying error works in the direction of increased safety factor.

Figure 21 displays the measurements for the bridge models of Fig. 20.

Model 3

F F I F/F
r r

AVA III 442 cm 2  1250 cm 2  0.354

Exact value 449 cm 2  1226 cm 2  0.366

For models to (the behavior is that of schematic lattices with junction plates. Figure

21 shows that the test results for these models fall in the group of points for other models

without junction plates.

(16) Prof. Rein, Breslau, was good eno.ugh to recheck model (3) and supply corrected
areas and O's. Consequentty the c -value was also changed.

6w

r
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0-CHI IV -+TESTS FOR a 0 ON PLANE LATTICES WITH
, BARS OF VARIOUS CROSS-SECTIONS

All previous discussion pertained to lattices of flat members. It has already been

mentioned that cross section apparently has small aerodynamic effect for single bars. The

correctness of this assumption will be tested by the following experiments:

1. Parallel beams with N-bracing, which were previously investigated with flat rec-

tangular bars (Fig. 8f, 0 0. 280), were reconstructed with the same outline and projected

areas out of equal-width, angle bars (bars with L or T cross section). Figure 17 shows the

different orientations of the face of the L bar which is parallel to the wind direction. Note

both (1 -J ) and ( L r ) orientations are used. Figure 17 shows the measured c beside thew
r

corresponding orientation sketch. The agreement is good. The somewhat smaller resistance

of model 17c must be expected from the drag coefficient of a single bar of this type (compare

Table 1).

2. Parallel beams with N-bracing as in Fig. 18.

0 0= 0.288 c =1.58~W
r

3. Lattice structure of an electric tower (model approximately 1/2 size) as in Fig. 19.

Wind normal to the diagram plane. Results:

=o 0=0.281 cwr 1.58
r ,

4. Model , a bridge member, Fig. 20.

S Results: q

R u0 xl 2/F 9.5 0-9.458 Cw  1.47

r

47



I0
to vi

0. ki (1~ 0 0

00

. 0)

- E-

Ii w

0 - I1

-3 a)

100

00co

48 8



The data from® through® are presented together in Fig. 21. They fall pretty well'

along the points from tile sphematic lattices measured earlier. For practical cases it will
0

be satisfactory to consider the Fig. 9 values as valid for a 0 and piano lattices in general.

= .28.j

0

0

Fig. 19 -- Section model
of a mast tested for X ~.Re-
sults given in Fig. 21 under the
above symbol.
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CH V -- TESTS ON PLANE LATTICES FOR OBLIQUE WIND
INCIDENCE (a >-O0)

The above results have so far clarified the aerodynamies of single plane lattices that

-only the influence o; oblique incidence remains to be tested. Such tests proceeded in 1921

on three of the bridge models of Fig. 20. These tests dealt with types ; c and

The models were investigated for oblique incidence from above and from the side for angles

up to a = 450 . The test values are-presented -in Figs. 22 and 23.

The results for the solid beam @ confirm the earlier rectangular plate data (Figs. 6

and 7) for X = 5, although the bridge beam @ has another outline and a different aspect ratio.

The agreement is complete, even to the rise of c above a = 300 for side incidence. That

the numerical values are different is due to the difference in aspect ratio.

Neither @ or 0 show this rise in cn for lateral incidence. For them, the earlier con-

cept is valid: that cn is maximum for small angles (a--0 ° ) of incidence. One also con-
r

cludes tha, c., is negligibly small throughout a = 0 to 45 ° , as is troue for solid beams. Thus
r

we obtain the first two of the following conclusions.

e9
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Z~j:

0.435

0.45184s8

2
Fig. 20 -- Five bridge models tested in 1921 at Gbttingen. X / F 9. 5. The

test results for a = 00 of models through (D are contained in Fig. 21.

2.0~~ - A- r-
L. I , *

0 *

0.4 _
0.1 0.203 04 ,5 0.6 0.7 0.8 0.9 10

Fr/P'

F ig. 21 -- Combined test results for plane lattices
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CH VI -- CONCLUSIONS

1. The tangential force on plane lattices is generally negligibly small.

2. The normal force is a maximum for a--+0 0 . It is satisfactory to base drag cal-

culations on the a = 00 value of c as a maximum. Since c E c for a = 00, the termn n w
r r

"c will be used instead of the more cumbersome "c for a = 0.
wr wr

3. c is to a far-reaching approximation independent of structure-type, bar cross
wr

section, and outline as long as conventional structures are considered. c is practicallyw
r

dependent on the solidarity coefficient 0 alone:

(7) c -- c ( )
r r

* 4. Junction plates reduce the c of a lattice. The size of the reduction can be as-
b Wr

certained according to the5 / calculations of Chapter III. So long as the plates are small, as

usually is the case, it is not important to ascertain the particular influence of the plates

(beyond their addition to the projected area). The resulting ?rror will always be on the safe

side, since the Fr is then the lattice area including the plate area.

5. If one knows the function c (0), then it is possible to calculate W for the surface
w-r

F = 0 F and velocity v
1 2

W Z c ' 7rv F r k g
r

W is normal to the lattice plane.

6. The dependence U, c on 0 has to be taken frorm Fig. 21, in which the most im-
r

portant test results are presented together. If no particular data on a structure are
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available, it is advisable to assume a c on the upper envelope of the measured c values.
r r

c W is practically independent of 0 in the interval 0. 3 < < 0. 9, and here the upper border

of values is also a straight line c = 1. 6. Outside this range, c climbs to c = 2. 0. IfW F  W r  W
rr wr

one prefers a simplified, step function instead of a smooth curve, then the following table

can be used:

C
w

0 to about 0. 20 2.0

0.20 to about 0.30 1.8

0.30 to about 0.90 1.6

0.90 to about 1.0 2.0

7. For practical cases these results can be still further simplified. We observe that

values of Fig. 9 hold for plane lattices in general, independent of outline and aspectw
r

ratio. As shown earlier, these statements are only approximately true. The approximation

is better for smaller solidarity ratios 0. For very iarge 0 values, especially 0 = I, the out-

liae and aspect ratio are clearly noticeable (Fig. 4). The drag coefficient for rectangular

plates with normal incidence is c = 2.0 for ) = and c .16 for,= 1, Thus c - 2.0
r r r

holds only for large 0 values when X is also large. The spans of real beams deviate so much

from X • co that it is satisfactory to use c = 1. 6 even as 0 -0 1.w r

A corresponding simplification in the domain of smaller O's-so that one could use

c = 1. 6 throughout the whole range of € 0 to 0 1-would be desirable. However, such
r  0

a simplification is unacceptable from an aerodynamic standpoint without certain restrictions.

For 0 < 0. 25, cw = 1. 8 is valid since very small O's are seldom encountered. For- > 0. 25,
r

the value cw x 1. 6 is almost always correct. Thus one obtains the following:
r

0<0.25 Cw •1.8

0> 0. 25 Cw ,,1.6
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"41
8. Using the abbreviation c I PV 2 w gives the expression for drag W

w 2
Wr

(9) W =w Fr [kg]

with c = 1.6 and p =1 kg/
r

(10) w 0.1 V2, [kg/r 2]

where v is in m/s. Consequently for

v= 30 35 40 45 [mIs)
2 [m2/s2]

v = 900 1225 1600 2025 /

w= 90 122.5 160 202.5 [kg/m2]

For c = 1.8 these values for w are raised by 1. 125.

9. All these investigations and conclusions apply to structures of uniform solidarity

coefficient. Where this condition is not fulfilled--as for trusses supporting a thick road

bed-the drag on each single member with a uniform 0 will be calculated separately.
4

10. Several lattices in a spacial configuration influence each other. Luckily the lattice

on the windward side experiences nearly the same drag. Jn Part 2 of these reports the in-

vestigation of spacial structures will clarify the extent of mutual shielding.

5
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PART 2 -- THREE-DIMENSIONAL LATTICES

CH*I -- PRELIMINARY REMARKS

A. PURPOSE OF THE RESEARCH. REVIEW OF PART 1.

By spacial lattices is meant open structures made of several plane lattices. In practice

virtually all structural lattices belong to this category.

The aerodynamics of single plane lattices is reported in Part 1. There the following

points were brought out:

, The tangential forces on single plane lattices are generally negligibly small. The nor-

mal force (drag component perpendicular to the lattice plane) reaches its greatest value,

which alone is interesting technically, for a wind direction normal to the lattice plane. It

is independent of structure type within practical limits of accuracy. It is likewise unaffected

by beam cross section or lattice outline. The drag is proportional to the product q . Fr,

where q is the dynamic pressure and Fr is the solid projected area. The factor of proportion-

ality has been designated Cw and called "drag coefficient." The slight dependence of drag
r

coefficients on 0 can be summarized:

for solidarity coeff. < 0. 25 use C w 1. 8
r

for solidarity coeff, > 0. 25 use Cw = 1. 6
r

Then for a given lattice, the drag W in a wind velocity V is:

W C -F C I v2Fr [kg]W w q r xw 'p
r r
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where p is the density of the air and F r x F. For unknown lattices, one can use C = 1. 8r w
r

as a somewhat rough working approximation.

Essentially Cw for single plane lattices is a function of solidarity coefficient 0 alone.
r

And even this effect is slight for common'structures, allowing C W constant to be useful.
r

Such simple results cannot be expected for three-dimensional lattices, since the mutual

influences of the component beams-are nonuniform. In actual fact, the aerodynamic relations

cannot be put into such a simple form. The tests which we will report prove this. Neverthe-

less, their results are clear enough to form the groundwo'rk for wind pressure calculations.

The 'handiness' of these procedures is established because they succeeded in relating the

wind loading of a spacial lattice to the drags of its components.

B. NOMENCLATURE

A number of concepts and symbols were clarified in Part 1. Some new concepts will

be introduced:

e [in = Separation between two parallel beams; usually employed in the dimen-

sionless form e/d, where d is the distance between the two maiii girders

of a lattice (see Fig. 2 Part 2).

C wr= drag coefficient of the windward lattice of a lattice pair.

C w - corresponding coefficient for the leeward lattice.
WrI

C(e = W ) = drag coefficient for a single lattice---r in other words the drag coeff. of
r

each lattice when their separation is infinite.

C

w
r

a I shielding coefficient for the foreward lattice.

wr

ONI =  NW • shielding coefficient for the rearward lattice.
c

r
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oil shielding ratio of the two lattices.

P [kg] net force-on a spacial lattice.* g
W [kg = resistance 

This terminology is the same
A [kg] = buoyancy 

as Part i, with the subscript
Ng [kg] = normal force 

"g" added to indicate spacial

Tg [kg] = tangential force lattices.

Cpr P g/q . r Drag coefficients for spacial lattices.Cwr Wg/q F r  The large C is used to distinguish itr A /qdF 
IiCa g r -from the drag coefficients for plane

rrC n=rN /q.F rlattices. F rfor a spacial lattice meansct r Tg/q.F the projected surface of a side wall.

When it is not otherwise stated, the wind stream is assumed to be uniform in space
and time.

5

&t
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CH.II -- TWO PARALLEL LATTICES, ONE BEHIND THE OTHER

A. FUNDAMENTALS

A pair of parallel lattices can be considered as an elementary form of a spacial lattice.

It will be presupposed that the lattices are identical in type and size. This is not to say they

are congruent, even though their spans, solidarity coefficients, and outlines are the same

[for example, these conditions are met with N-type lattices even though the N were reversed

(Y4) for the leeward lattice.]

Denoting the forward lattice by I, the trailing lattice by II, and the corresponding drags

with W and W11, then the combined drag is:

( 1) Wg =w + wI IIII

For normal wind incidence this force is identical with the resulting normal. force N.

Dividing both sides by q - F converts Eq 1 to the corresponding relation between drag co-r

efficients:

(2a) C w c + c
r ri rI

which can also be written

I c
(2b) C = c 1 + w r

wr Wri Cwri

or

(2c) C c 1 + 1)
Wr  Wrl
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At first we knew none of these terms--neither C , nor c , nor c . The only
r ri rII

information available, which is not explicitly in the equation, is the drag coefficient of a

single lattice--or, in different words, when the separation is infinite (see Fig. 21 in Part 1).

We will designate this drag coefficient, which was earlier called c , c(e = o) to avoid

misunderstandings. We can make one general remark about the relation between this term

and the numbers c and c Apparently the fore-lattice lies in the "bow wave" of the
WrI Wl

trailing lattice, which lies in the dead air space of the leading lattice. Each of the two lat-

tices lies in air disturbed by the presence of the other. Therefore it follows that:

eWrl c d(e = co)
WIW

c r

Or, more exactly

(3) c c o) and c (e=)wWrI r WrII r

and thus Eqs 2 converts to

C +'  1 'i

(4) or

C = " c c) (I +n)
w w

r r

Here we have c (e=")a known quantity, in an exprespion for the drag coefficient for one lat-
wr

tice in the presence of another. This is a formal solution based on the aerodynamics of single

beams.

Prrticular experiments must be made to yield information on 0', 01V and 1) and their

dependence on separation (of lattices), 0, and other parameters. First one can say that

the area behind a body is an area of reduced wind velocity; thus
*

0 < 1.0
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and so the drag on a body in the wind shadow of another is smaller than in the absence of

the other body.

B. TESTS ON TWO SOLID PLATES ( ) = )

As was the case with single lattices, it is appi-opriate to begin with the case of 0 = 1.

Figure 1 presents the results of measurements on four different plate pairs, including

the old data of Eiffel on discs and 2:1 rectangles, the 1921 Gttingen beams of type Q, and

finally an additional measurement which we made on a rectangular plate of X = 13. 6.

The shielding coefficients, q,, for the windward plate andi for the shadowed plate,

are plotted against e/h = plate separation + plate height. For ease of understanding it should

be remembered that, for example, a reading ip = 0. 84 for e/h = 3. 0 means: when the sepa-

ration e between the lattice pair is 3 times the plate (lattice) height, then the fore plate ex-

periences a drag in the wind direction which is only 84 prer cent of the corresponding drag

for the same plate alone but otherwise under similar conditions.

4

From Fig. 1 we derive the following facts:

1. The course of the V/-curves is dependent on plate form. This is expected,

since the drag of single plates has already been-shown to depend strongly on

the plate geometry.

2. For the plates tested qjI lies very near# 1. 0 for e < 8h. This means that even

for very close spacings the rear plate has little influence on the fore plate.

However, it shows simultaneously that the presence of the second plate can

raise the drag of the front plate above that of a single plate (this effect is ap-

parently stronger for elementary forms-discs, 2:1 rectangles-than for

technically interesting slender beams). With growing separation, @I must

more and more approach unity.
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3. The rear plate is strongly influenced by the fore plate. In the region of small

separations-up to about 2 plate heights--i i even takes negative values, that

is: the rear plate experiences a force opposite to the wind direction. As the

separation grows, 011 goes over to positive values. In this case, too, the

shielding coefficient approaches a limiting value of 1. 0. This limit is, how-

ever, approached slowly, as one would be inclined to assume. Even for a

separation 8 times the height, the drag of the rear plate is still only around

50 per cent of that for a single plate.

On the basis of these results, we can make some pronouncements about

pairs of congruent lattices, one behind the other as seen in a direction normal

to their lattice planes. In this case we consider the two solid plates of Fig. 1

as part of a lattice. Then it follows: for two lattices lying one behind the

. other, one must expect:

for separations up to 2h or 5h, tpii,< 0, and at least for part of this

range, P I > 1.0

for greater separations 01'-*1.0, 1.0, with @ I appruaching this

limit much faster than 0Ik

Initially these results hold for lattices with flat bars, so-called schematic

lattices. But the experience of Part 1 indicates that the data will apply to lat-

tices with bars of more complex crosp sections. -

For lattices displaced so that they are no longer in line, there is no

lnteraction for large separation, but interaction can be expected when the

separation is small and when the fore lattice partially masks the trailing

structure. Exact effects cannot be anticipated..
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In Chapter 11-4 we will see that these suppositions will be proved right.

Before this is done, some remarks should be made in connection with special

measurements on the flow fields behind single lattices. They will serve to

make the conditions on the trailing lattice more understandable.

C. PRESSURE AND VELOCITY FIELDS BEHIND A LATTICE UNDER NORMALLY INCIDENT

WIND

With the help of a small bent tube and a small static probe, the total- and static-

pressure distributions (Plot and Pt ) were measured in five parallel planes behind a "ladder"tt st
1 12

model. From ptot and P's one obtains the point dynamic pressure q1 1 pv

q ot - Ps't [kg/m2]

and from this the air velocity v i

rm! ]*

(The spacial pressures and velocities are primed to separate them from the undisturbed val-

ues.)

In Fig. 2a the combined and static pressure distributions are shown; in Fig. 2b the

velocity distribution. The velocities were divided by the initial undisturbed velocity, and
1 2

the pressures were divided by q = Ipv . The separation of the measured planes from the

ladder is given in units of ladder height.

The distribution curves show the expected wave contour with minima behind the bars

and maxima behind the open spaces between bars. The waviness declines with growing

(4) The local pressures and velocities are marked with an apostrophe to distinguish
them from the corresponding quantities in the undisturbed stream (such as v and q).
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distance from the lattice. The dynamic pressure is proportionally rapidly equalized. In

comparison the total pressure and velocity equalize slowly. The spreading of the wind shadow , f
is clearly traceable. By the time e = 8d, the wind shadows have joined-(for thicker bars, this *

situation would require e < 8d).

The second of two lattices sees this velocity field as its incident field--as its initial

or undisturbed field. If one thinks of the second of two congruent lattices in line, where VI

is the average wind it experiences, then to a first approximation

Cwri I  wr

_ rI )W rI

c w 2

t@11 c (e c ) 2v

w
r

for the drag is-for sufficiently large Reynolds numbers-proportional to the square of the

velocity. As a consequence of this and Figs. 2a and 2b, the following statements can be

made [whose reliability is controlled by Fig. 3]:

1. The disturbance of the velocity field behind a lattice dies out slowly. There-

fore the shielding effect of the forward on the rear lattice must remain notable

even for wide separations. For cases which approximate the one investigated,

where 0. 264 and separation e = 8d,

v 0.85 v' 2 -0.72

Thus it is insignificant whether the lattices are exactly in line since the smear-

ing of the wind-shadow is large. This holds for great distances.

A (5) The slight rise in static pressure indicated in the right-hand section of Fig. 2a is

a wind tunnel defect. 4#"
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2. In contrast to this, it must be vital at close distances whether the lattices are

in line or not. In the first case all the bars of the 2nd lattice are strongly

shielded, and in the second case, they are almost equally sharply out of the

wind shadows. An estimation of ii generally iuns into difficulties. The

strong variations of velocity with position influences the flow patterns around

the beams of the second lattice in an unpredictable way. But even if flow

lines were known, the small minima would open the question of which velocity

to use for aerodynamic computation. Still the lower limit of iIi for in-line

lattices can be found using V0 = v' i n'

With V1 = vmin we are certainly using a smaller value than the' aero-

dynamically true effective velocity.

e/d = 4 V'/V0.78 2 -- .60

e/d =2 V n/v,= 0.6 8 mv/V 2. 0. 46

ev/uV4 iniv(vi = ) 2/ 0.43

Similar estimates can be made for axially transposed lattices (still b

parallel but no longer in line). There the amount of the displacement and the

type of structure will enter as parameters. In each case the for displace

lattices will be greater than for those in line (note that higher shielding coef-

ficients mean less actual shiclding.]

After these preliminary remarks we can turn to the results of the meas-

urements of two lattices one behind the other.

D. TESTS ON TWO PARALLEL LATTICES OF LIKE PATTERN AND-SOLIDARITY RATIO

FOR NORMAL WINDS

Twelve lattice pairs were, investigated, eleven schematic types of flat bar construction,

and one with "profiled" bars (shapes like L, I, J , etc], all lattices were infinite (X cc).
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* These lattices, as with the earlier experiments, were "ladder" structures: parallel beams

with either V or N bracing. The results of the tests on single lattices were presented in

Part 1, those for the pairs in Fig. 3a to g in Part 2. These diagrams show only shielding

coefficients (0) ahd the drag coefficients must be calculated..

e =a
c I ce=oow 1, wr

w =II W r

The value of C e=° are obtainable from Fig. 21 in Part 1. Of course, in Part 1 the designa-wrr
tion of the quantity C e-° was simply C * The data points from similar structures of Part 1

w wr r

are presented in Fig. 3, Part 2, with the same symbols (0, A, etc).

To these twelve sets of data are added the tests on four finite lattices: bridge trusses

T through @ of Part 1. The results are given in Fig. 4. The corresponding drag coeffi-

cients for isolated lattices are found in Fig. 21 of Part 1. The case of a pair of N - lattices
L

with crossed diagonals was included in Fig. 3g.

1.C~ -1 1 ~ Mode~

0 .a t .. . ..-2
84 1  L iNod(~-'-

------- --- --- -. .

.012
2.0 i; ~ ; :310 Th 4*3_.U 600 7o

* Fig. 4 -- Shielding coefficients of lattice pairs under normal incidence
(a= 00) and finite aspect ratio (X = 9. 5). Lattices in line. Model designations
from Fig. 20 of Part 1. Ref. AVAIII
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Not all permutations of the variables in Fig. 3 and Fig. 4 have been made. The number

of parameters forced a limitation on the tests to keep them easily surveyed.

The test results conform to the predictions made on simpler considerations: slight

influence on the fore lattice, strong shielding on the rear lattice.

0.8 to 1.1; for normal solidarity coefficient, < 1. 0 in each case for e/d > 1. 0.

Even for the very large solidarity 0. 511 and e/d = 1.0 the shielding coefficient was f

only little greater than 1. 0. Since a separation e/d < 1. 0 is almost never seen, 01 = 0.9 or

1. 0 is a far-reaching approximation. It holds regardless of 0 and whether or not the lattices

are in line.

0 for small sepafations is expectedly negative, and grows with separation, slowly
approaching the limiting value of +1. 0, so that e/d = 8 still gives large shielding. As one

must expect from Fig. 2b, 1 is really dependent on three parameters:

Solidarity coefficient

Separation of the lattices

Orientation of the lattices to each other.

To clarify these relations Figs. 5a to 5e present the shielding coefficients versus

with separation as a parameter. To allow a direct application of Eqs 2c and 4, the shielding

ratio r is plotted. We have used the assumption that 01 a 0. 4 for all cases where 01 was not

measured. The corresponding points in Fig. 5 are marked (/1). We have limited the e/d

values in these diagrams to 1.0, 2. 0,, 4.0, and 6. 0. For transposed lattices, only the

e/d - 1. 0 case is presented. Since this oblique case is most common among lattice towers

and masts where e/d x 1. 0, this limitation is justified. In general the data of Fig. 5 can be

extrapolated and interpolated to other values of e/d.

7
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From Fig. 5 the following can be deduced: an.influence of structural type exists, but

it is so weak as to be negligible. No noticeable effect of bar cross section appeared. Outline

and aspect ratio play no decisive roll so long as < 1. This observation is in agreement with

the aerodynamics-of single lattices. Again the solidarity coefficient has significant influence,

along with lattice separation and orientation. A glance at Fig. 5 shows how dominant is the

influence of the solidarity coefficient.

The calculation of the resulting drag W of a lattice pair has to consider 0. separation
g

and, relative orientation.
= 1 2

Wg = CW v F r [kg

(F = projected surface area of lattice!) For C wwe can use Eq 4 to write:.
r

cw =01 c=o[1+n
w w

r r

I and n could be taken from Figs. 3 and 4. Both quantities are dependent on 0, e/d and

& relative position. The shielding coefficient Or as we have seen, varies so slowly compared

with the other parameters that 0 1 constant is valid. We have the numbers between fi = 0. 90

and.0i = 1.0 to choose from; so we took

(5) 0i = 1.0 = constant

since this value is on the safe side and simplifies the calculations.* constant means

that in. the first approximation the working of the rear on the front-lattice is negligible.

(7) In order-to ascertain the l-value for lattice pairs Whose 0I was not measured, we

have set -01 - 0.9 above. It sho, 'd be remarked that 0, = 0.9 gives the largest v-value ob-
tainable for 0. 9 < 01 < 1. 0, while 01 = 1. 0 gives the largest Cw . In both bases, where 01
is measured, the value is chosen to give results on the safe siie.
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These l(o, e/d) diagrams should be further transformed for computation purposes in

somewhat the following way: a simple function, 1(0) can approximate the mid-curve of the

rather scattered test points. Such approximate functions are given below:

( 2
)( - 0) for lattices in line

1 . 2 (1 - p]2 for transposed lattices for e/d = I

These curves have been dotted in for Figs. 5a and 5e. They fit in some measure the experi-

mental scatter, and are thus useable approximations. Their extension to greater e/h values

is possible, but only by renouncing their simplicity, which alone is the real justification for

the existence of such approximation formulas. Figures 5a through 5d show the curves for

inline lattices (the solid curves with the thin dashed extensions). Figure 6a shows the col-

lected curves. Generally these are NOT average curves but upper boundaries of the envelopes

of the experimental points. The use of the upper limits of il values insures that n is not taken

too small in calculations and amounts to a safety factor.

The given 11-curves must be qualified since the aspect ratio plays a role for 0 > 0. 6.

We have renounced the exact consequences of this dependence, since > 0. 6 scarcely occurs

in practice, and the given curves show this region as a thin dashed line. For 0 = 1 the condi-

tions are to some extent known. We have presented the n -value read off Fig. I where d -h

for the solid plates.

For technical cases it is desirable to ignore the variation in 71 beyo:nd 0 - 0. 6, and

thus to set

for 0.6< 0<1.0 ) = 11 0 0.6 b' constant

(9) That the n -curve for e/d = 1. 0 (Fig. 5a) lies somewhat high is due to accommoda-
tion of Dickmann's unpublished data. (See section 111).

78



Then comes the last step in simplification: the substitution of the curvilinear group of

Fig. 6a with a set w: rectilinear approximations as in Fig. 6b.

0 < < 0.1 -1.0 = constant

(6) 0. 6 < 0 < 1.0 77= 11=. 6 = constant

between these areas as set of sloping lines

71 = 1. 15 [1. o- 1.450 (e/d)/4

One can proceed in a corresponding way for non-inline lattices (transposed, staggered). It

is observed that one deals almost exclusively with lattices of solidarity coefficients between

0. 1 and 0. 6.

The drag computation for lattice pairs under normal (a = 00) wind incidence is thus

reduced to a very simple procedure. It consists of using Eq 4, which is simplified by Eq 5 to

C ce = (1 +)w ww r r

e
or, if we instead of c - write c to

rr
w w

(7) c =c (1+ )
r r

From Part 1 the approximate values of c are:w
r

c = 1.8 for < 0.25w
r ,

c w = 1. 6 for ¢ 0. 025
r

7 can be taken from diagrams 5 or 6.

We will consequently-fter some remarks on oblique winds on lattice pairs--prove

how a procedure for drag calculations of bridges and towers can be developed from drag

predictions for lattice pairs.
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E. OBLIQUE INCIDENCE ON LATTICE PAIRS

A bridge-type lattice pair of model G and e/d = 4. 12 was tested for oblique winds both

from above and from the side. Results are given in Figs. 7a and 7b, using the normal drag

coefficients cw and tangential drag coefficients c .
r r

As with single lattices, the tangential force is negligible. The normal force on the

leading lattice has been somewhat reduced by the presence of the second lattice.

The normal force on the second lattice grows with the obliquity of wind incidence,

reaching a maximum for a = 25 , either from above or sidewise. The fall-off is gradual

on either side of this maximum. That the c -curve should have this character is easynr1 1

'to see. Also, quantitative statements can be made if the behavior of the single lattice is

known for oblique winds. However, this will not be further developed here.

It is enough to notice that the tangential forces are very small for oblique incidence,

and that the normal force on the leading lattice is virtually the same as for a single lattice.
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2.4 -- _______

2.C 0~ For.ard lattice I
- -Rear lattice II1

1.6

C.C ritr

-0.4

Fig. 7a

2. -- - -0-Forward lattice I
-.- Rear lattice II-

j1.2
0.4

0,100 200 -10 300 1+

Fig. 7b

Fig. 7 Lattice pairs of type (5), 0=0. 458. Oblique incidence from above
(7a) arid from the side (7b). (See sketch in Fig. 8) e/d'= 4. 12
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CH III-- TWO LATTICES WITH ROADBED (BRIDGES)

The .addition of a roadbed to a pair of lattices should have little effect for normal winds

and'small values of 0. Certainly the surface friction drag of the roadbed enters the picture,

as well as the pressure drag if the roadbed is thicker than or between the girders (chords].

In any case, it is certain that the flow patterns will be influenced by the roadbed. But these

changes and their drag changes are small compared to the total drag of the lattice pair, so

that the earlier formulas for lattice pairs can be used for bridges. This is especially true

since these curves were only approximations to fairly scattered data points. It must again

be stated that this.equating of bridge to pair data is predicated on small 0 and normal in-

cidence.

Luckily the conditions are not as restrictive as one might think. The limitation to

S< 0. 6 really excludes just the important case of 1. However, consider the following:
4

a solid lattice uair with the road in the middle will have the same flow patterns as the pair

alone. If the roadbed is above or below the centerline, the flow pattern will be influenced,

the dead space reduced and the fore pressure on the rear plate also reduced. Both these

effects lead to a reduction in total drag. Thus the curves in Fig. 6 also represent the upper

limits for slender solid beam pairs with or without roadbeds. The same holds for 0 < 0. 1

and 0 > 0. 6. One designs somewhat unecononlically but not unsafety.

The condition of normal incidence is also no real limitation, since bridges are not

subject to winds with strong vertical components, and since lateral obliquity can produce only

moderate drag increases (see Fig. 7b]. Consequently the design Eq 7 for lattice pairs can

be used for bridges of any solidarity coefficient.
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3 6 Roadbed__ -

2.8 Enir brdg

32-*hidd girdoC r - -

2.4 ~ ~ - --

$4

098

Fig. 8 -- Bridge model with main girders of type (5) with oblique
winds from above, 0. 0458, e/d =1. 44
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We made similar considerations when the test program was designed. The result of

these considerations led us to discard a systematic investigation of whole bridge' models,

* since a really new insight could not be expected. We reproduce these measurements in Fig.
( fro Fig.I O 34fo

8. Using Eq 7 for bridges gives c r 1.46 romFig. 21 of Part 1 and 1 - 0. 34 for
*w r @

e/d = 1. 44 [from Fig. 4 of Part 2].

C =1.96
w rr

with 1= 0.43 from Fig. 6 or Eq 6

C =2.09
wr

The measured normal drag coefficient for a = 00 gave c = 1. 63, greatest normal coeffi-

r
cient, for a = 20 , was 1. 86. Thus one sees that in each case the calculated value lies above

the measured one. It should be observed that a 200 angle of incidence from above is quite

* unlikely. The tangential forces are [Fig. 8] negligibly small.

Thus our conjecture on bridge calculations with lattice-pair data is supported. Still

it is desirable to obtain further confirmations. 0. Flachsbart has conducted a series of tests

at Hannover on bridge models. The results confirm Eqs 6 and 7 for calculation purposes.

(101 Figures 6a and 6b were sketched to include the Dickmann data, particularly for
= 1. The n-values for the solid pair X = 13. 6 lie - in comparison with all other I = 1 data

including the Dickmann - so unusually high that we have not given them corresponding weight.
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CH IV- FOUR LATTICES IN A BOX STRUCTURE (X = oo)

A. NORMAL INCIDENCE (a = 00)

Consider a square-lattice mast like

that in Fig. 9. Since real towers are tapered

and of declining solidarity, correct use of

data fork = o involves a piece-wise approxi- v d._

mation to the tower with each piece assumed

to be uniform in 0 and cross section. Such

an approach has been very accurate, and it

allows the incorporation of nonuniform wind Fig. 9 -- Box structure cross section

profiles.

For drag calculation of a lattice mast in an arbitrary wind field one needs only the as-

sumption that the flow around one segment of the mast is practically independent of the flow

at more distant parts. Naturally this is only an approximation, but it Is good, particularly

for the more permeable structures. The greatest error occurs at the mast peak, but the

distortion of the total drag is slight.

Table .hows the test results for a number of partial models [those in Figs. 10 through

0
13]. a = 0 means wind streams normal to the side. The placement of the models in the

wind tunnel is shown in Fig. 14.

Now we must ask whether the Cw of these models approaches the Cw of similar lat-
r - r

tice pairs; or in other words, whether the effect of the side walls-paraUel to the wind is

negligible. The answer from experiment is affirmative: the side walls are unimportant in
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TABLE I (Part 2)

Section Models of La.ttice Towers With Quadralic Cross Sections

Measured Calculated

cX) C(°) -1.6 (l + 1)) 6(45) - x. 1.6 (1 • 7)r Wr__

model r 1
r

C racketed Vaues 7 from Fit. 6a2
Fig. uo w & ru-r - 0)] 1.2(1- )] L" .2 (1 0)2]4 I. ~ I =1.

0 2.74k 90 11 =1

10a 0.195 1.01
4 5 2.77 3.19 3.48

- 0 2.53 2.7h[2.65]
lob 0.261 1.05

[U5 2.65 3.01 3.28
=. Rl.92]' DI@

2.23

11oo 0,h55 1.29
h 2dh2 2.46 2.68

0 2.68 2.85 r

[.] 0.214 - 1.12 C2:781

45 h 3.00 3.4~2
1 0 2.71 0.C.9 9:4D,

] 2 [2oo .69]
7.5 2.9 6 0.

U2C 0.182 10. 1
30 317 0.3j ____________

3.50 0.01 3.23 3.52

2.s77.02

bib 0.286 0.2 1.22

22.5L 2.6h 0.22i

2. o 0.03 -20 3.21

- &o9.1 -

0 2.7L. 02 2
15 2. C. 0.5

12c 0.169 1.10

0 2.56 0.1

fT.T 2.71 0.0
2.7 .5

2'6 0.02 09 1.07

124 0.288 1.18
22.5 2.71 0.18

0 2.79 V.2______

[8] D.o I
Cicawe C - ?iasum. 10".7 17%

Naa-ewvd Cr
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c i

+r r

(a)

Fig. lb, c -Two mot- sec-
Fig, Ila --Sectional model tional modelb of the Zeesener tower

of a radio tower-(Zeesener radio tested independently of the model in
tower). Compare Fig. 13d Fig. 1 la
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drag calcuiations. Equation 7 can be applied for the calculation of 4-lattice masts under

perpendicular air stream incidence. The proof is in Table I rjn comparison with section

VI, 7].- An additional experimental proof might be mentioned here.

We have investigated a model N-structure, staggered, 0 0. 288] that was divided as

indicated in Fig. 15a. The me,asurements were:

whole model Cw 2. I
w

rmast half 2 C = 0.96

mast half 1 C = 2.41 -0.96 = 1.45
wr 1

Earlier lattice-pair measurements for e/ e 1

Lattice 1 c -* r = 0.94x 1.58= 1.48Wri wr

Lattice 2 c = .II' c = 0.61x 1.58 = 0.96

Therefore with far-reaching exactness

c C c "'C

W rl Wr wII wr
2

C +c C
Wrl Wr 1i Wr

Thus the influence of the sides of a box lattice tower is negligible, as far as a = 00

drag is concerned. *

00

The same is true of tangential forces; they are null for a 0 Table I shows C is
0 r

always - 0 for a 00.
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B. OBLIQUE FLOWS (a > 00)

If the wind direction swings around in the plane of the ground, all four sides contribute

to the drag. Maximum drag for = . 10 t . 20 does not always occur when a 450* In some

cases the maxima lie between a = 25 ° and a 300.

Mastha f 1

ar~ Car

4CWr Wr

IXasth')al 2
a = 00

450

Fig. 15 -- Definition sketches

The growth of drag for oblique incidence might be predicted on simplest grounds to

add 20 per cent to the total drag. It remains to be proved how the drag is divided among the

..... P f ip.. th t N tmc m odel, 0. = 288, which was em -

ployed earlier.

P esults:

entire model C = 2.85
w r measured

mast half 2 C = 1. 18
r2,

mast half 1 C = 2.85 - 1.18 =1.67W

mast half 2 alone 00) = 1. 92
wr 2

Therefore one obtains the following remarkable result:

The shielding coefficient of mast half 2

C
- 1, = 0.615

c (40) 1.92
W
r
292



which agrees with the shielding coefficient of the second lattice (of a pair)

under normal wind incidence 0. 61).

For oblique incidence the mast behaves like a lattice pair (It and Il) normal to

the wind.'

Let us designate:

cw rI and -c ()w r I  the drag coefficients of the front-and back lattices when a = 00

for the mast.

max max

c a and c _ the drag coefficients of the synthetic effective lattice pair for
Wri0 WrIlt

oblique incidence giving the greatest drag for the mast.

C( °  drag coefficients for whole mast for a = 0°

r

max E drag coefficients for whole mast for maximum drag angle.
r

p then three constants ( , cI and E) are defined where cI > 1. 0, cI > 1.0,

E > 1.0 and

max ( c(o) max c C(o) and Cmax E - c(O)
V  ri W II W wr  w

Cl I l W1  l Wins r

Observed test results on sectional models show

c(o) C = 1.45w rI W rl.

c(o) -C =0.9 for =0

wr r 2r2
--o C + C =2. 41

w wr  W rl W r2

(max)=C = 1.670

I Wl0 Wr
S(max)C = 1.18 for a =0, WHit wr2

C(max) C + C =2.85

Wr Wrl Wr2
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therefore

1.67 1.18 2.8517 1.45 5 -, 0.96 1.23 E = .41 1.18

or for a practical approximation

~E

Thus one has the possibility, from the expression for drag number of the mast under

stream incidence in the direction of the cross section diagonal

(8) c 45 = C(O)= 1  c(o) + C c(° ) E c (1+n)
wr  wr w WrI 41i r

to immediately read the partition of drag on the two synthetic lattices and thus on each of the

side walls of the real structure:

C4 5  Ec + E.cw•
wr wr wr

(9) Contribution ot Csontriuution ol
windward walls the two shielded
(or ersatz lat- walls (or the second
tice It) ersatz lattice III)

for example

(10) w(45) . w(o) + E ,(O) [K- g]
g 1r g (1 + 1) g K9

Equation 10 follows from Eq 9 if one observes that

( 4 5 ) = C (4 5 ) . IpV2F . C. C (o) • V.1 2 Fr:*. (o)
g w r w g

c(o)
or w

r

W(45) C. 1 2 1 2Wg * W (1 +). . pV F r= . cw ' pVF

W(O) +c. c ..- V2 F

4 w r
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There is no reason to doubt that these facts (except for masts of very high O's) can be

combined. Controls through further tests, however, are desirable. Ct

For drag calculation for winds along the mast cross section diagonal-prior to cor-

rections from further exp~eriments-the following way will be adopted: Calculate the drag

W in the wind direction for a = 450, using Eq 7 to find W for a = 0 and multiplying by E.gg (1 W(0 ) (in

From force W(4 5 ) each of the two windward planes experiences a drag =1 + ) g

the wind direction). The x 1 is divided between the two shielded planes.

The value of 77 can be obtained from Figs. 5 and 6; the value of E is found in Fig. 18. In

general it is satisfactory to set E = 1. 1 to 1. 2, although greater values are possible (com-

pare Table 1, Fig. 18a and b, and the remarks for Fig. 18b in the following section).

This paper leaves out the many cases where the greatest drag is not when a = 450 be-

cause these drags are less than 10 per cent different from 45 drag. (Compare Table I.)

The cross force (C ) is small compared to the dragin the wind direction (C ) alsoa w"
r r

for a 100, as can be seen in Table 1.

9
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CH V -- TESTS ON MODELS OF COMPLETE MASTS

Fig. 16 -- Models of two lattice masts;
(a) transmission tower; (b) line pole -

A complete model of a 100, 000-volt electrical high-tension line mast was tested with

and without crossbars, on smooth and rough ground plates. The height of the prototype was

25 m. Model scale was 1:50. Model height was consequently 0. 50 m. Fig. 16a shows a

photograph of the model. The models in Fig. 10a to c and Fig. 13a to c are sectional models

which correspond to the lower, middle, and upper thirds of the mast. ' The velocity distri-

bution above the ground plate for smooth and rough surfaces. is to be taken from Fig. 17.
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20 -

I

15 - --.-

(a) (b)

10-~--
vt

0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

%" V
V V,

Fig. 17 -- Velocity profile over (a) rough ground plates and
(b) smooth ground plaiteg

In Table II are the measured C values for the electrical tower. The most important
w

rvalues for us are those for the tower without crossbars, since they allow direct comparison

with the partial model of Fig. 10. We have calculated the C for a = 00 of the tower without
wrWr

crossbars and for the two wind profiles of Fig. 17. The agreement in all cases was within

10 per cent.

The reliability of these calculation procedures is thus established. It has already been

shown that special test results on partial models are not required for these calculations. It

is sufficient tc use Eq 7 with an estimation of n (from Fig. 5 or 6). It should be noticed that

this procedure not only gives inforniation on the total resistance but also on the drag distri-

bution along the length of the mast and thus on the torque.

The reduced resistance of the tower on rough ground is due to the reduced velocity of

the wind near the ground.

In this connection, it should be remarked that drag in general is dependent on the spacial

velocity distributions of the undisturbed wind. Application of test results--:even when condi-

tion of aerodynamic and geometric similarity are fulfilled-is only strongly possible when the
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TABLE II (Part 2)

Complete Models of Lattice Masts

MODEL CGROUN

W C 0
FIG. Wr

Smooth 0(90, 180) 2.01 1.1745(135) 2.35
0.334 Without (15) 2.34

Rough 0(0,0, 180) 1.84 100o Rough 1.09
-4 45(135) 2.01

0 0(180) 2.01

%_ 16a____
1 Smooth 45(135) 2.00

0.315 With " 90 1.58

0(180) 1.90

Rough 45(135) 1.93

90 1.47 _

0(90,usw.) 2.544 P.0295

I 9 2.765 0.2335j without 18 3.060 0.2545 1.42
0W 27 3.335 0.1590

36 3.520 0.0423

45 3.620 0.0917
o(18o) 1.16

Smooth 45(135) 1.73

0.363 Without 96 (270) 0.93
0(180) 1.15

Rough 45(135) 1.66

' 90(270) 0.84

H o 0(180) 1.2Z _

1oh 20(100) 1.28
Smcoth 45(135) 1.63

65(115) 1.54
0.36 With ~9(270) 0.85 _

o(1C0) 1.15

Rough 45(135) 1.30

90(270) 0.8j
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velocity profiles are the same. Applied to the problem of a lattice mast on the ground this

implies that the ground frictional boundary layer has to be approximated in the wind tunnel

in order to obtain valid model results.

The rise in total resistance with increase in a from 00 to 450 for the electric tower on

a rough ground plate was around 9 per cent [(2.01 - 1.84)/1. 84 --. 09], for a smooth ground

plate the rise was 17 per cent. In other words, in one case E = 1. 09, in the other E = 1. 17.

These values correspond then to expectations derived from partial model tests. It is notable

that Katzmayr and Seitz have obtained slightly greater E-values. Both authors found E = 1. 42

for a wooden wireless tower model of scale 1:30. The solidarity coefficient of a side wall was

0. 187. For a = 00 C 2. 544, which is covered by our results Table 1 and .

It is thus more striking ftat a really higher value was found for a = 45 ° . Rejecting experi-

mental error as the explanation, then the reason may be the difference between customary

wood construction, with its use of two I'l bars, and- usual steel construction. Such double

bars have marKeoiy nigher reb.L,1 unut. uiht i -q . , iuLa ,U¢€v or below. Such-

oblique incidence can occur from the end flow up over the peak of the mast or from the sepa-

ration of the ground layer-even when the initial wind was horizontal. The effect on either

profiled or flat bars is unimportant. Both effects are stronger for a = 450 than for a = 00

(since 0 is at least as large for 450 as for a = 00, the real permeability of this mast for

oblique incidence is less). Therefore, a wood structure with double beams can have a.larger

E-value than those found by us. The magnitude of the increase in E due to double bars is not

completely clarified. The following, however, should be noted:

(12) Wind Pressure on Laltice Towers of Quadratic Cross Section (Baning 15, 1934,
p 218-221). Two series of tests on the influence of fluctuating wind streams (once the dynamic
pressure changed ±30 per cent and the wind direction by ±15 per cent, both with a period of
about I see) gave the important result that such fluctuations do not influence the exactness of
the measurements.
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Katzmayr and Seitz did not employ force measurements on the entire model to meas-

ure drag, but used readings on-a high section of the model, with the help of a special but not

described testing method. This method avoided breaking the model into sections.

(a)
2.0 .. 2.C

x = Section models
w = Whole mast on smooth ground

1.8 o = Whole mast on rough ground 1.8-

I II

0 01 0 0 0

8 1.0- .i'0 Ol0,2 0.3 0.4 0.5 0 0.1 0.2 0.3 0., 0.5

, Fig. -1-- Lattice towers of square cross section. No cross

bars. Tests of Katzmayr and Seitz

In Figs. 18a and 18b the data of Katzmayr and Seitz is shown. The scatter of data

points is rather large, a regular variation with 0is uncertain, so that we cannot conclude

that unknown variables are at work determining the E-value. It would be welcome to have

these questions clarified. Until then, it must be assumed provisionally that E > 1. 2 can

occur, especially for double-bar construction. It will be sufficient in such cases to set

E = 1. 3 or 1.4. The value E 1. 3 is in agreement with our values, particularly for large

solidarity coefficients (0 0. 455). For a quadratic prism ( = 1. 0) Wieselsberger found

for X = co that E 1 1. 072 while, with X = 5, E = 0. 835. Therefore, even a reduction in drag

is possible vith finite X and oblique incidence.

I,

The -influence of cross arms on drag is slight as long as the projected area of the arms

Mi relatively small, as is shown in Table II.
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Table II contains, besides the data for high-tension towers and radio spires, the cor-

responding results for the model of a smaller (line) pole (scale 1:20, model-height 0. 575 m)

illustrated in Fig. 16b. This pole is not three-dimensional, but is included for comparison

with other towers.

1.
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CH VI-- SUMMARY AND CONCLUSIONS

1. While the drag coefficients c of single beams in uniform air streams are practically

dependent alone on the solidarity coefficient 0, the drag coefficient C of a spacial lattire ,under

similar conditions is a function of three variables: solidarity coefficient, ratio of lattice-

plane separation to lattice height (e/d), and orientation of the lattice pattei-ns to each other

(congruent, in-line, etc). If T symbolizes orientation, then one can write the relation:

(11) C = C(O, e/d, T)

By spacial structures are meant open work formed by similar plane lattices.

2. If C is in particular the drag coefficient C ; then, according to definitions, the netPr

force on a 3-d lattice in a uniform wind stream impinging at angle a is

P= C 1 2 kg]

(p = density, Fr x projected surface'area of the lattice).

Corresponding equations hold for normal force, tangential force, resistance, and lift.

With an arbitrary angle of incidence, Eq 11 becomes

(12) C - C(O, e/d, Tr )

and also

P
g

Ag really dependent on , e/d, -r, a, p, v, F r
g

Ng

T
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This applies when the gas velocity field is uniform in space and time, a condition assumed

here unless otherwise stated. Fbi- nonuniform winds other parameters must be'introduced

For single lattices both e/d anti T are discarded.

3. Two lattices of equal outline, equal structure type, and equal o, form a lattice

pair when they lie parallel t/o each~other so that their outlines coincide (in-line) when viewed

along the perpendicular to their planes. The lattice patterns don't necessarily have to-be

congruent. Each of the two lattices affects the drag of the other, as compared to the drag of

one lattice alone.

The difference, of course, is a reduction.for the shiblded lattice and an increase for

the leading lattice. -The wind shadow of the forward member is very far-reaching, sothat

the rear lattice is still shielded even if it is quite far behind. For large lattice separation

it is unimportant whether the patterns are congruent or not. For small separaItions the

^f nn ;Arn re dus the draf, since the wind shadows coincide with corresponding t

bars on the rear lattice.

4. If one designates the resistance of the two lattices for normal incidence with W

and Wli, then the combined drag Wg for the pair is (from Eqs 1 through 4]:
g

and the drag coefficient (c.)mbined)

H re Ww + ma tCr r Ol] r

Here W means the drag, cw -B c(ene) which is the drag coefficient of a single isolated lattice.
r r

On experimental grounds, the shielding coefficient of the fore lattice can'be very well ap-

proximated as

.1.0 t
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The shielding coefficient of the second lattice and the shielding ratioof 17 of the two lattices

* "
e  are then practically equivalent numerically. The expression for C simplifie3 to~W

r

w w
r (

The values of c are available in-Fig. 21, Part 1, and Figs. 7 and 8. The values~of T lie
r

in Figs. 5 and 6 of Part 2. For approximations:

W =1.6
Wr Lattices in-line

--1(10)2 )2

(13)
cWr 1.6 Lattices displaced

n 1. 2 (1- 2

Oblique incidence on a lattice pair is shown in Figs. 7a and 7b.

For both single and paired lattices, the tangential forces are negligible under either

normal or oblique incidence. Aspect ratio and outline of the lattice make no 'real difference.

5. The wind loadings of bridges with two main lattices and of lattice towels are trace-

able to the wind loadings of lattice pairs. Through Eq 7 and the shielding ratio, n3, the bridge

and mast drags are further related to the loadings of single lattices. Lattice masts [4-sided]

under diagonal wind incidence are equivalent only to an imagined lattice pair. To aerody-

namically designate this "ersatz" pair, the further quantity E is introduced.

6. The drag calculation of a twin-lattice bridge can use Eq 7. In the absence of special

measurements use:

for <0.25, c w 1.8wr

for 0O. 25, c • 1.6
W0r
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Since almost all bridges have Sexceeding . 25, it is safeto assume

C 1.6= constant
w r

so that the formula simplifies to 
E .

(14) C =1.6 (1 + n)
wr

ri is obtained from Eq6 or Fig. 6, designates the road width and d the distance between the

chords or the height of the bridge.

The approximate drag portion between the two main lattices is directly readable from

the formula

C~ c C +vin] c + c n
r r wr wr

forward leeward

for example with c x 1. 6
Wr

C 1.6 + 1.6n1
w

r forward leeward
lattice lattice

For an estimation, one can again use 1 = (1 - ) (in any case for lattices in line, which is

true for almost all bridges). For design calculations the use of Pigs. 6a and 6b, which are

upper limits of experimentally scattered values, will incline the results to the safe side. The

n-value of Fig. 6b in combination with Eqs 7 or 14,fixes the total resistance of the bridge with

certainty, even for ' 1. 0. However, the drag distribution.for - 1. 0 is no longerthat

given by Fig. 6b and the approximatioi0 formula. Actually. the rear lattice experiences (for

small e) negative drag, and Fig. 6b can't give this because its values for A have been made +.
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The aerodynamics of solid-wall bridges thus merits further investigation. To the extent

of Dickmann's researches this problem was attacked. For all true bridges with two solid

walt beams the preceding design formula gives practical information on the maximum total

drag and its distribution. Besides, it has already been borne out that the greatest normal

fnrc* occurs, not with normal incidence, but with oblique incidence. The drag forzes de-

rived from Eqs 7 or 14 are normal to the lattice planes. The tangential forces remain

negligible.

7. The drags of lattice masts are derivable from drags of sectional models [a single

section with the same structure and 0], with compensation for the ground posts, since they

are usually different from the higher portions of the tower. The sum of the drags of each

section gives the total drag and also the center of force.

For a tower of square cross section composed of four lattices the drag for a = 00 is

St tho same.as for lattice pairs calculated by formula (7). This means that the drag is due al-

most entirely to the faces normal to the wind; the drag of planes parallel to the wind is

practically nil. n is presented in Figs. 5 and 6. 'Usually masts bave a square cross section

(e/d = 1. 0). 1f the lattice patterns are reversed, then the approximation formula must use

a graph to obtain t, such as Fig. 5e which gives the upper values of n. Also the curves in

Figs. 5a-and 6a for e/d = 1.0 are satisfactory because they too are higher than the test

0

points. One can ignore the unequal drag distribution or box lattice towers when a = 0° , if

one -uses Eq 7 and the curves at e/d - 1. 0 in Flig. 6a. This is, of-ourse, an approximation.

Also for 0 < 0. 25 it usually is satisfactory to set cw  1.6, as can be seen in the last-third

of Table I. In this section of Table I, the Cw values are, presented [note here the designa-wr

tion is C( 0 ) since here a a -values calculated with Eq 14 C m 1.6 (1 + *1), with 1nW W
r r

(16) Concerning calculations for lattices of nonuniform , one.should refer to the re-

marks in Section VI, 9,of Part I.
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taken from Fig. 6a where e/d = 1. 0.- Equally good results are obtained if one sets if = 1. 2

(1 - )2. Basically, one-naturally is more certain using c 1. 8 for 0 < 0. 25.
Wr

For oblique incidence [a > 00) the resistance of a box lattice grows. Usually the maxi-

mum is for a = 450, although sometimes for smaller angles. For technical calculations

= 45 is assumed to give the maximum drag. Then from Eq 8

(max) W (4 5) (0)
'Wg -Wg ,--Eg

The valueof E has to be measured (as in Fig. 18). -In general E = 1. 1 to 1. 2 (see Table I).

For constructions utilizing two parallel,.bars instead of one, the E-value is raised to 1. 3 or

1. 4. The expression for W 9(4 5 ) gives the drag distribution on the individual lattices directly

(Eqs 9 and 10).

The lift or force normal to the wind direction (Ca)Jis negligible for all &Is.

r

AA* Irl , ,4. n , , . L44 ,laui i ified by these re- j

suits. Also the basic outlines of improved calculation techniques are brought out by the

new .knowledge. It is probably useful toonce more write out the drag c-alculation procedure

without the mass of supporting evidence.

a. Drag Calculation for a Bridge with Two Main 'Girders

(Assumption: the main girders are of uniform 0)

Given: the solidarity coefficient 0 of each'girder

projected area F of each girder

c .1.6 1Wr ,

Air density p for normal conditions p - (kg s/m 4 J8 4

Assumed peak wind velocity v (s 35 or 40 m/8) ,[ ,

*(17) Where this condition is not fulfilled, the parts of uniform Omust be calculated
separately.
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Calculation: The- drag- on the bridge is, i 1 2 !
W =C 'pv Fr =C qF r kg] .

directed normal to the girder (lattice) plane f

C is from(7) or (14)
r

C ic (1 +q)=f. 6 (1+rI)w w
r r

thus

(15) Wg 1.6(1 +1)q F [kg]

7 is taken from Eq 6 or Fig.. 6. rl is dependenit on 0 and, e/dwhere-e is road width and

d the girder height (actually d = distance -between the mid-points of the chords of the principle

girder lattices, and thus is very close to the lattice height).

The portion of this total drag is:

W = 1.6 q F on the windward lattice
I r

W = 1.6n q Fr = TI WI on the leeward girder.

tNotice: The use of Fig. 6b will give very safe (high) drag predictions for

0 > 0. 6, but is unsatisfactory for predicting drag portion.]

To compare the above calculations with the current (1935) techniques, we must write

W= 1.6 (1+ n)q [kg/m 2 ]

in the form

w W F [kg]

g r

The German pressure formula is
t1'

- wg-w o Fr [k g]

with wo -150 [kt/m2] for loaded bridges and wo = 250 [kg/m] for unloaded bridges.
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We have calculated w-curves for v = 35 m/s and v = 40 m/s from Figs. 6a and 6b and

presented them in Figs. 19a and b along with w values. One can see that no allowance is

made by the old method for either 0 or bridge width, and that nomeans is offered to give the

drag partition among the two main girders.

b. Drag Calculations for Lattice Towers of Square Cross Section

Given: Solidarity coefficient 0 of each side

Projected area F of each sider

c 1 1. 6 (in place of more exact values)w
r

Air density p

Further requirements: The distribution of witid velocity v as a function of height

y above the ground.

Procedure: Divide the mast into sections of uniform 0, cross section, and in-

cident wind. Calculate the drag for each section as follows:

Normal incidence to a side wall (a a 00)

Combined drag in wind direction

W (0) .c(O) 1 2 .c(O) q F [kg.g w 2 pvr F w r  .
W r wr

where F is the projected area of one side wall of the section.r

With

C( 0 )  +)
wr  w;

it follows

W (0)'c (I+ )qFr [kg](18) Wg W

or with e 1.6
1Wr



I A_

S(0) =1.6 (1 +71)q F [kg)
g) r

71 is taken from Fig. 6a for e/d = 1. 0, or one can set At

-1 .2 (1 - 2

It comes out approximately

1.6qF 1 W ()ontheforewalll'qr n I +--" 
I

1.617qF W (0) on the rear wall1. r =1 + g

These forces are (to a high approximation) normal to the wall surfaces. The walls 'parallel

to the wind experience practically no loading.

Air Stream along the Cross Section Diagonal (a_= 45_). The net force in the wind

direction

(20)(45) E Wg(0) [kg) I

E 1 1. I to 1. 4. For steel construction usually E = 1.1 to 1. 2, particularly when no f
double bars are used [two close parallel bars where one "profiled" bar is normally employed].

Where double bars occur (wood construction] E > 1. 2 should be used. (This question is not

completely clarified.)

The combined force is divided approximately

E 1.6qF - W ( for the two windward
r 1+-- g sides

En q . L w 4 5  for the two leeward
r 1+n ' sides -

The forces are in the wind direction. 'V
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The integration of each section's drag gives the total mast drag and its distribution and

torque.

If one undertakes a critique of contemporary drag calculations; then, before all,'-it

must be stated that the so-called sine law of sine-squared law fails to give the observed in-

crease in, drag for oblique incidence and there is no insight into the drag partition between

the individual walls.

In conclusion it must be pointed out once more that these results apply only to

spacial lattice-works composed of plane lattices and which are uninfluenced by terrain and

neighboring structures. In such casas no far-reaching predictions can be made and further ,

tests are recommended.

t
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II
AP PENDIX A

In Figs. 20 and 21 we include results from measurements on four equidistant parallel

identical lattices, with X =

These data have some interest for bridges with more than two main girders. These

results are presented in an appendix because they may be subject to test errors. The models

were investigated in a small tunnel with a free air stream. Since the free streamlines

spread out laterally, the uniformity of the velocity field becomes more and more distorted

with increasing distance from the tunnel throat. Both effects lead to a reduction in resist-

ance. Control measures were not taken. However, the errors are probably so small that

4r the results are a sufficient approximation to the true conditions.
p

The single beams are known from Part I (see Figs. 8b and 8g, Figs. 9 or 21). For

the same type beam the notation is retained here for the corresponding test points. Figs.

20 and 21 show shielding coefficients 1 against separation e/d.

One uses the drag coefficients and resistance in the known way. Example: Re-

sistance WIII of beam III for separation e/d and given orientation (transposed or in-line).

One takes 0Ifrom Fig. 20 or 21 and adds the c of an isolated beam to obtain the drag
,- o r

coefficient and resistance of the III bekam in combination with the group.

III w J w Ic Wi• C q F r [kg]
rIII r rIII
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